Introduction
Stereotactic gamma knife surgery (GKS) is one of the most important treatment modalities for a variety of neurologic diseases including arteriovenous malformation (AVM), benign tumors (acoustic neurinomas, meningiomas, pituitary adenomas, etc.), metastatic tumors, and other conditions (trigeminal neuralgia). Although the risk of tumor induction after conventional radiotherapy is well known, a GKS-induced brain tumor is extremely rare, and only eight cases have been reported to date. [1] [2] [3] [4] [5] [6] [7] Furthermore, no ependymal tumors induced by GKS have been reported, meaning their Keywords ► anaplastic ependymoma ► radiosurgery ► MGMT ► 1p36 ► temozolomide
Abstract
Stereotactic gamma knife surgery (GKS)-induced brain tumors are extremely rare, and no ependymal tumors induced by GKS have been reported. Therefore, little is known about their clinical, pathologic, and genetic features. In addition, a regimen of adjuvant chemotherapy for anaplastic ependymoma (AE) has not been established. A 77-year-old man presented with a gait disturbance and left-side cerebellar ataxia more than 19 years after GKS performed for a cerebellar arteriovenous malformation. Imaging studies demonstrated an enhancing mass in the irradiated field with signs of intraventricular dissemination. Surgical resection confirmed the diagnosis of AE. Temozolomide (TMZ) was administrated postoperatively because the methylated promoter region of O 6 -methylguanine-DNA methyltransferase (MGMT) and 1p36 deletion were observed. Surprisingly, images 16 days after TMZ initiation demonstrated a complete resolution of the residual tumor that was maintained after three cycles of TMZ. This first case report of GKS-induced AE emphasizes the importance of genetic evaluation of MGMT and chromosomal deletion of 1p36 that are not commonly performed in primary ependymal tumors. In addition, it is speculated that a GKS-induced tumor may have a different genetic background compared with the primary tumor because the pathogenesis of the tumors differed.
clinical, pathologic, and genetic features are poorly understood. Anaplastic ependymomas (AEs) are one of the malignant glial tumors histologically characterized by high mitotic activity, microvascular proliferation, and pseudopalisading necrosis. Although the surgical resection is the standard initial strategy, gross total resection can rarely be achieved, and its progressive nature often requires adjuvant radiotherapy and chemotherapy. Although radiotherapy for AE is widely accepted as effective, reirradiation for a radiationinduced ependymal tumor is unfavorable due to the potential danger of neurotoxic damage. In such cases, chemotherapy is virtually the only treatment option, although chemosensitivity is generally limited with ependymal tumors.
We report our findings in the first case of AE presented more than 19 years after GKS for a cerebellar AVM. Although the tumor was aggressive enough to disseminate in the ventricle at the time of diagnosis, administration of temozolomide (TMZ) achieved a complete resolution of the postoperative residual tumor in only 5 days. We provide a detailed description of the case as well as a genomic evaluation.
Clinical Summary
Our patient initially presented with a cerebellar hemorrhage at 57 years of age. A cerebral angiogram demonstrated an AVM nidus 12 Â 25 Â 23 mm located mainly in the upper vermis with feeding vessels from the left posterior inferior cerebellar artery and drainage into the transverse sinus. Twelve weeks later, the patient underwent stereotactic radiosurgery (SRS) using GKS. The maximum dose to the nidus was 41.7 Gy, and the prescribed dose at the 60% isodose line was 25 Gy. The angiogram performed 2 years after GKS confirmed the complete occlusion of the AVM. Routine follow-ups were continued and magnetic resonance (MR) images obtained 16 years later after the GKS demonstrated a cyst formation in the left cerebellar hemisphere. Because the lesion was asymptomatic, the patient was monitored closely using annual MR imaging.
First Surgery and Pathologic Findings
At 18.5 years after GKS, the patient developed gait unsteadiness and speech difficulty. MR images revealed a partially enhanced 3.3-cm lesion in the left cerebellum (►Fig. 1A). A left suboccipital craniectomy was performed, and the lesion was totally removed (►Fig. 1B). The histologic examination of the first surgical specimen was found to be composed of hematoma and dilated vascular structure surrounded by endothelial cells (►Fig. 1C). These endothelial cells were positive for CD31 (►Fig. 1D), and the vascular structure lacked elastic fiber. There was no normal cerebellar tissue between the interstices of these capillaries, confirming the diagnosis of cavernous malformation. His symptoms rapidly disappeared.
Second Surgery and Pathologic Findings
At 6 months after the first surgery (19 years after GKS), the patient again developed gait disturbance and cerebellar ataxia of the left side. MR images demonstrated a new enhancing mass in the first surgical cavity (►Fig. 2A). Signs of intraventricular dissemination were also noticed in the posterior horn of the bilateral lateral ventricles (►Fig. 2B). A subtotal resection of the enhancing lesion was performed (►Fig. 2C), and the pathologic examination revealed the presence of an epithelial arrangement of poorly differentiated tumor cells with marked cellularity, mitotic activity, and irregular shaped nuclei (►Fig. 3A). Perivascular pseudorosettes and clear cell morphology were also observed (►Fig. 3B). Strong immunostaining for glial fibrillary acidic protein was shown (►Fig. 3C) and dot-like epithelial membrane antigen positivity. The MIB-1 index was 40% (►Fig. 3D), confirming the diagnosis of AE.
While 
Discussion
Cahan et al 8 established the following criteria for a radiationinduced neoplasm: The tumor must appear within the irradiated field, the tumor must not be present before irradiation, a sufficient latency period must elapse between the irradiation and the appearance of the tumor, the histology must be distinct from the original irradiated lesion, and the patient should not have a genetic predisposition to a second malignancy. Our case fulfills all these criteria, in both the cavernous hemangioma and the AE. Because the first craniectomy achieved the total removal of the cavernous malformation, we believed these two tumors were independently induced in the same patient by the GKS almost 2 decades earlier. It is also interesting that the AE in this patient developed within only 6 months after the first microsurgery. There have been only three case reports of conventional radiation-induced intracranial ependymal tumor. [9] [10] [11] In addition, an SRS-induced brain tumor is extremely rare. To the best of our knowledge, there have been only eight case reports [1] [2] [3] [4] [5] [6] [7] : four cases of GBM, two cases of meningioma, and two cases of anaplastic astrocytoma, with the average interval between GKS and the tumorigenesis of 9.5 years (range: 5.2-19 years). Thus our case report is the first report of an intracranial ependymal tumor induced by GKS. SRS has the advantage of a rapid radiation falloff outside the target volume, which makes the surrounding tissues receive a much lower radiation dose. No increased risk of malignancy was observed in a retrospective cohort study of $5,000 GKStreated patients with an average follow-up period of 6.1 years. 12 However, our case of tumor induction more than 19 years after GKS reminds us again that long-term followups are essential for those treated by GKS because more potential secondary tumors will be observed as a greater interval of time passes. In retrospect, no components suggesting ependymal tumor were detected in the first surgical specimen. Most of the cells surrounded by the endothelial cells in the first surgical specimen were red blood cells, and no perivascular pseudorosettes were observed. Although microvascular proliferation was observed in the second ependymal tumor, those vascular structures are a common hallmark of ependymal tumors, and no clear evidence to diagnose the concomitant development of AE with cavernous malformation was found. Therefore, it is reasonable to assume that the AE developed independently shortly after the total removal of the cavernous malformation. Regarding the carcinogenesis of the AE, it is interesting that this tumor developed within only 6 months after the first surgery, which well reflects the high MIB-1 index of 40%.
Whereas radiotherapy is recognized as an effective treatment option for AE, reirradiation for a radiation-induced ependymal tumor is unfavorable due to the potential risk of neurotoxicity. Therefore, adjuvant chemotherapy was the only remaining choice in our case. However, no clear efficacy of any regimen including TMZ has been demonstrated in cases of ependymal tumors. In contrast, the methylated promoter region of MGMT has been proved to be a prognostic factor for patients with GBM treated with TMZ, 13 but no similar evaluation has been performed in patients with ependymal tumors. Koos et al 14 reported the interesting finding that MGMT promoter methylation occurred significantly less frequently in subjects with primary ependymal tumors compared with those with malignant gliomas in a malignancy grade-dependent manner, which means MGMT methylation is less highly anticipated in AEs. Thus a chemotherapy regimen including TMZ would not seem to be beneficial for patients with primary ependymal tumors. However, we analyzed the MGMT promoter status with MS-PCR and revealed that it was methylated, suggesting the possible benefit of TMZ.
There is another case report of AE induced by conventional radiation in childhood with a methylated MGMT promoter that was evaluated immunohistochemically. 11 This case also demonstrated a similar remarkable response to TMZ. This suggests that radiation-induced ependymal tumors may have a different genetic background and result from different mechanisms of carcinogenesis. Therefore, even in ependymal tumors, especially when radiation induced, genetic evaluations of MGMT promoter status should be performed to select those patients who might benefit from TMZ. The combined deletion of 1p36 and 19q13 was shown to predict better chemosensitivity and prognosis in cases of anaplastic oligodendroglioma, 15 but insufficient evaluations have been performed in cases of ependymal tumors. According to a small study of only 28 patients with ependymoma, 1p36 loss was observed in only 29% of the cases. 16 Our patients also exhibited deletion of 1p36, which may be involved in the dramatic clinical and radiologic improvement by TMZ, but this also must be validated in much larger patient populations.
Conclusion
We present a case of GKS-induced AE with a methylated MGMT promoter and deletion of 1p36 that developed 19 years after GKS. This report reemphasizes the need for many longterm follow-ups, especially in GKS-treated patients. The evaluation of not only MGMT promoter status but also the chromosomal deletion of 1p36 is useful for the potential benefit of TMZ even in ependymal tumors. A GKS-induced tumor may have a different genetic background compared 
